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Introduction {#sec1}
============

The development of three-dimensional (3D) organoid culture has revolutionized the *in vitro* cultures of human primary epithelial cells because it allows the stable and robust cultures of primary cells with the maintenance of stem and differentiated cells ([@bib4]; [@bib41]; [@bib51]). Human intestinal organoids have provided a rapid regeneration of primary intestinal epithelium ([@bib41]) pertinent to various gastrointestinal diseases ([@bib4]; [@bib8]; [@bib42]). Exogenous morphogens such as Wnt3a, R-Spondin, and Noggin are constitutively required for the conventional intestinal organoid cultures ([@bib41]; [@bib46]). Among the three major morphogens, Wnt3a is considered as the essential protein in the intestinal organoid culture because the proliferation of stem cells is primarily governed by the Wnt signaling pathway ([@bib25]; [@bib29]; [@bib40]).

Human intestinal organoids have been cultured in an extracellular matrix (ECM) hydrogel such as Matrigel ([@bib10]; [@bib35]), where the solidified 3D hydrogel that forms a dome shape in a well plate provides a space to grow organoid fragments into a self-organized 3D cyst or a budding microstructure with crypt-villus domains in \~7 days ([@bib41]; [@bib46]). This method is relatively convenient, easy to handle, and feasible to a multi-well plate (e.g., 24-, 48-, and 96-well plates) to provide a 3D scaffold matrix for holding organoids to grow into 3D structure. The protocol of organoid culture has been optimized and widely implemented by various research groups ([@bib11]; [@bib28]). However, due to the complex culture condition ([@bib20]), inter-heterogeneity of the biopsy-derived organoids has often been observed between organoid lines ([@bib30]; [@bib49]) or the quality of conditioned medium for supplying the major morphogens ([@bib13]). Various efforts have been made to overcome these challenges by increasing the number of experimental replicates, testing multiple lines, and validating the effect of different passage numbers to improve experimental statistics. Interestingly, organoids grown in a dome-shaped Matrigel scaffold have shown heterogeneity in size and shape, which has been reportedly observed in previous studies ([@bib23]; [@bib34]). Yet, the underlying mechanism of this intra-heterogeneity in a Matrigel dome is unclear.

We hypothesized that a gradient of morphogens that orchestrates the proliferation of organoids in a Matrigel dome may be a critical factor that causes the heterogeneity of organoids inside the dome. Wnt3a is one of the most critical morphogens in organoid cultures; however, Wnt3a is notably unstable in a serum-free medium because of its hydrophobic characteristics ([@bib31]; [@bib48]). The diffusion limitation of Wnt3a into the Matrigel core may also be a causative factor of the spatiotemporal morphogen gradient of Wnt3a inside the Matrigel dome that contains organoids. More importantly, it is supposed that this location-dependent distribution of heterogeneous organoids in the Matrigel may show significant perturbations in transcriptome profiles and epithelial functions. As cultured organoids have been widely used for investigating the efficacy and toxicity of pharmaceuticals ([@bib5]; [@bib32]), morphogenesis and developmental process ([@bib12]; [@bib13]), and patient specificity of therapeutics ([@bib1]; [@bib32]), it is important to understand if the phenotypic intra-heterogeneity induces the spatial perturbation of organoid functions as well as the compromised reproducibility.

In this study, we investigated the effect of morphogen gradient on a conventional organoid culture that produces the consequent intra-heterogeneity of organoids in growth, morphology, cytodifferentiation, and epithelial cell function. To prove our hypothesis, we applied high-resolution imaging, computational simulation, and transcriptomic profiling to quantify the intra-heterogeneity of organoids in response to the Wnt3a perturbation. By manipulating the quantitative profile of Wnt3a at various culture milieus, we discovered how the spatiotemporal gradient and the instability of Wnt3a induce heterogeneous growth, differentiation, and functions of human intestinal organoids. Finally, we discussed an ensuing impact of our discovery on the interpretation of experimental results when using the conventional cultures of intestinal organoids.

Results {#sec2}
=======

Morphological Heterogeneity of Intestinal Organoids in a Matrigel Dome {#sec2.1}
----------------------------------------------------------------------

This study was inspired by a careful observation of the heterogeneous morphology of non-diseased, normal human intestinal organoids embedded in a Matrigel dome in a 24-well plate. We consistently observed, using the stitched phase contrast micrographs, that the size of organoids in the core ([Figure 1](#fig1){ref-type="fig"}A, "Core") was substantially smaller than the ones in the edge ([Figure 1](#fig1){ref-type="fig"}A, "Edge") when the entire area of a well was scanned. To quantitatively assess the size heterogeneity, the dome area was divided into three "bull\'s eye" regions (core, intermediate, and edge) and indicated with different colors ([Figure 1](#fig1){ref-type="fig"}A, left). High-power magnification images revealed that the organoids at the core (light blue) or the intermediate location (pale blue) show significantly smaller size than the organoids at the edge ([Figure 1](#fig1){ref-type="fig"}B; dark blue). When we performed the same morphological analysis of tumor organoids derived from colorectal cancer (CRC) tissue, we neither observed any size heterogeneity at different locations ([Figure 1](#fig1){ref-type="fig"}C) nor found a significant difference in the size of CRC organoids regardless of the location inside the Matrigel dome ([Figure 1](#fig1){ref-type="fig"}D). Thus, we confirmed that the normal intestinal organoids derived from multiple donors considerably undergo heterogeneous growth in conventional organoid culture, whereas the tumor-derived organoids did not.Figure 1Morphological Heterogeneity Is Robust in Normal Organoid Cultures(A) A stitched micrograph of a Matrigel dome that embeds normal colonic organoids cultured for 6 days (left). A bull\'s eye (dotted circles) divided into three regions was used for the quantification. The core, intermediate, and edge regions are indicated with light, pale, and dark blue colors, respectively. High-magnification images focusing on the core (right top) and edge (right bottom) display significant differences in organoid size.(B) The size distribution of normal human intestinal organoids across the entire matrix dome area corresponding to the stitched image in "A" (left) and the mean organoid size in each region (right). A total of four Matrigel domes that contain normal intestinal organoids were analyzed to estimate the cross-sectional area of individual organoids using ImageJ. The color in each column is matched to the corresponding location in (A).(C) A stitched image of a Matrigel dome that contains CRC organoids cultured for 6 days under the same culture condition provided in (A) (left). High-power magnified images confirm that the CRC organoids in the core (right top) are morphologically similar to those in the edge (right bottom).(D) The size distribution of CRC organoids across the dome area corresponding to the stitched image in (C) (left), and the mean organoid size in each region (right). Similar to the normal organoid, four Matrigel domes that contain CRC organoids were analyzed to obtain the cross-sectional area of individual CRC organoids.A color bar at the bottom in both (A) and (C) shows the matched region in (B) and (D). Scale bars, 1 mm in the left images in both (A) and (C) and 200 μm in the right insets in both (A) and (C). Data are represented as mean ± SEM. One-way ANOVA with multiple comparison was performed to evaluate statistical significance of the differences. ∗p \< 0.05; ns, not significant.

Heterogeneity in Organoid Growth Governed by the Spatiotemporal Gradient of Wnt3a {#sec2.2}
---------------------------------------------------------------------------------

We hypothesized that the morphological difference between normal and CRC organoids originates from the morphogen concentration, especially Wnt3a, in the culture medium because the growth of normal intestinal organoids is predominantly controlled by the Wnt signaling pathway, whereas it has been shown that CRC organoids do not necessarily require exogenous Wnt morphogen ([@bib41]). Thus, we first profiled the concentration of Wnt3a in the proliferation medium over 48 h, a typical time frame that the proliferation medium is incubated in a well plate, by a cell-based luciferase assay ([Figure 2](#fig2){ref-type="fig"}A). The concentration of Wnt3a decreased exponentially when the medium was incubated at both 4°C and 37°C, regardless of the material of the container wherein the proliferation medium was incubated ([Figure S1](#mmc1){ref-type="supplementary-material"}). When organoids were suspended in the proliferation medium without Matrigel, Wnt3a concentration dropped the most ([Figure 2](#fig2){ref-type="fig"}B, "+Organoids," maximum Wnt3a reduction rate, \~50.1 ng/mL·h) compared with the control ([Figure 2](#fig2){ref-type="fig"}B, "Control," maximum Wnt3a reduction rate, \~35.6 ng/mL·h) suggesting that the organoid itself contributes to reducing the level of Wnt3a possibly by the cellular uptake. A group with Matrigel alone ([Figure 2](#fig2){ref-type="fig"}B, "+Matrigel") showed a more rapid decrease compared with the control (maximum Wnt3a reduction rate at \~45.1 ng/mL·h), implicating that Wnt3a may be attracted by Matrigel. When organoids were embedded in Matrigel ([Figure 2](#fig2){ref-type="fig"}B, "+Matrigel + Organoid"), the profile of Wnt3a concentration was similar to that of "+Matrigel" over time. Taken together, two additional factors were identified that can alter the concentration of Wnt3a: the cellular uptake of Wnt3a by organoids and the diffusion limitation for Wnt3a into the Matrigel.Figure 2Spatiotemporal Gradient and Instability of Wnt3a Induce Heterogeneous Proliferation in Normal Intestinal Organoids(A) The temporal stability of Wnt3a in a complete medium incubated at either 4°C or 37°C (N = 3).(B) The concentration profile of Wnt3a incubated in the medium alone (Control), the medium containing organoids (+Organoids), Matrigel (+Matrigel), or both (+Matrigel + Organoids) at 37°C for 24 h. In each condition, supernatant (500 μL) in each well of a 24-well plate was collected at each time point for the quantification (N = 3). The difference between the "Control" and "+Organoids" is statistically significant at 12 h (p \< 0.05).(C) A schematic depicting the method to collect core and edge organoids, separately. A 200-μL tip was first cut to generate an outer diameter of 3 mm using a sterile scalpel, and core Matrigel was harvested using a P200 micropipette. The remaining edge organoids were harvested separately afterward.(D) Visualization of the expression of phosphorylated β-catenin (green) in the organoids harvested from either the core or edge of the organoid cultured for 3 days. The F-actin (magenta) was counterstained to confirm the structure of an organoid. Scale bar: 25 μm.(E) Expression profile of the proliferative cells (Ki67, cyan) in normal (core and edge) or CRC organoids and its quantification (right; N = 8). Scale bar, 100 μm. Data are represented as mean ± SEM. Two-way ANOVA was performed in (A), and one-way ANOVA was performed in (E) to evaluate statistical significance of the differences. ∗p \< 0.05, ∗∗∗p \< 0.0001.

Based on the exponential decrease of Wnt3a concentration in the medium ([Figures 2](#fig2){ref-type="fig"}A and 2B) as well as the heterogeneous size difference of organoids at different locations ([Figures 1](#fig1){ref-type="fig"}A and 1B), we postulated that organoids embedded in the core of a dome might grow under insufficient, or even a lack of, Wnt3a compared with the organoids at the edge. To examine the effect of the location where the organoids grow during proliferation, we harvested organoids in the core (3 mm in diameter from the center) and edge (rest of the area except the core), independently, using a cut pipette tip ([Figures 2](#fig2){ref-type="fig"}C and [S2](#mmc1){ref-type="supplementary-material"}). To collect the core organoids but excluding the edge organoids on the top surface of a dome, a cell scraper (5 mm width) was used to cut out the top part of the Matrigel dome before the core harvest ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B; Steps 1--3). Once we harvested the net core and the edge organoids, we first stained the core and edge organoids with phosphorylated β-catenin, respectively, to examine whether the canonical Wnt signaling is active on each organoid group. It is noted that organoids harvested from the core showed a localized signal of β-catenin on the cell membrane. However, the fluorescence signal of phosphorylated β-catenin was more broadly expressed in the cytoplasm of the organoids harvested from the edge, suggesting that the canonical Wnt signaling is more active in the edge organoids than the core organoids ([Figure 2](#fig2){ref-type="fig"}D). When the expression of Ki67, a proliferative marker, was visualized in the core versus edge organoids, a minimal number of Ki67-positive cells was observed in the core organoid (11.45 ± 2.65%; [Figure 2](#fig2){ref-type="fig"}E, "Normal, Core"), whereas the level in the edge organoids was significantly higher (26.97 ± 4.91%, p \< 0.05; [Figure 2](#fig2){ref-type="fig"}E, "Normal, Edge"). On the contrary, CRC organoids showed robust expression of Ki67 regardless of the position in the Matrigel dome (60.22 ± 4.55%, [Figure 2](#fig2){ref-type="fig"}E, "CRC"), explaining the reason why CRC organoids grow evenly throughout the entire Matrigel ([Figures 1](#fig1){ref-type="fig"}C and 1D).

Effect of Wnt Replenishment on the Intra-heterogeneity of Organoids {#sec2.3}
-------------------------------------------------------------------

To confirm if the rapid decrease of Wnt3a concentration is a major driver of the intra-heterogeneity of organoid growth and proliferation, we manually replenished Wnt3a by changing the proliferation medium every 3 h (Wnt~rep~; [Figure 3](#fig3){ref-type="fig"}A) followed by computational and morphological analyses. First, we simulated the spatiotemporal gradient of Wnt3a created in a Matrigel dome under the Wnt-replenished condition (Wnt~rep~) compared with the conventional culture condition without Wnt replenishment (Control) using a 3D computational modeling ([Figure 3](#fig3){ref-type="fig"}). In the simulation setup, the transport of diluted species was computed to calculate the Wnt3a concentration, and Fick\'s second law with reaction terms was applied to reflect diffusion and concentration decrease of Wnt3a. A 3D geometry of a Matrigel dome was built based on the actual shape, where the volume of a Matrigel dome and proliferation medium used in the culture were set as 30 and 500 μL, respectively, in the simulation ([Figure 3](#fig3){ref-type="fig"}B). Boundary conditions and constants were set based on the experimental results obtained from [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"} as well as other studies ([Table S1](#mmc1){ref-type="supplementary-material"} and [Figure S3](#mmc1){ref-type="supplementary-material"}, see [Transparent Methods](#mmc1){ref-type="supplementary-material"}). In the conventional culture condition, the concentration gradient of Wnt3a was instantly generated within 1 h, where the gradient was robustly maintained up to 12 h between the core and the edge ([Figure 3](#fig3){ref-type="fig"}C). On the contrary, the Wnt replenishment considerably resolved the gradient generation of Wnt3a inside the dome, resulting in the uniform distribution of the Wnt3a molecules regardless of the location as a function of time ([Figures 3](#fig3){ref-type="fig"}D and [S4](#mmc1){ref-type="supplementary-material"}).Figure 3Repeated Replenishment of Wnt3a Reduces the Gradient of Wnt3a in a Matrigel Dome(A) The concentration profile of Wnt3a when the organoid culture medium was replenished every 3 h (Wnt~rep~) versus every other day (Control) for \~6.5 days. Data are represented as mean ± SEM.(B--D) (B) A graphical geometry of the microenvironment of a conventional organoid culture applied for the computational simulation. The diameter and height of Matrigel dome were set to 7 and 1.2 mm, respectively, based on the actual measurements. The heatmap profiles of the Wnt3a concentration inside the hydrogel dome during the conventional culture (C) versus Wnt-replenished condition (D). Concentration profiles at 0, 1, and 12 h are presented with the angled (upper) and vertical cross-cut views (lower) in each condition. Modular color scales show the concentration range used at each time point.

It was noted that three major factors could possibly contribute to the generation of the Wnt3a gradient; uptake of Wnt3a by organoid cells, diffusion limitation of Wnt3a in the Matrigel dome, and Wnt3a instability. To identify the critical trigger of the generation of the Wnt3a gradient, we performed the computational simulation by excluding the effect of each component one at a time. When we excluded the effect of cellular uptake of Wnt3a ([Figure S5](#mmc1){ref-type="supplementary-material"}A), the gradient of Wnt3a in the dome showed no significant difference compared with the conventional culture ([Figure 3](#fig3){ref-type="fig"}), suggesting that the effect of Wnt uptake by the organoid cells on the consistent gradient of Wnt3a is minimal. However, when we simulated the non-diffusion limitation regime inside the Matrigel (i.e., the diffusion coefficient of Wnt3a in Matrigel was identical to that in the culture medium), the Wnt3a concentration profile was uniform across the gel regardless of the location ([Figure S5](#mmc1){ref-type="supplementary-material"}B), suggesting that the diffusion limitation inside the Matrigel remarkably contributes to creating the Wnt3a gradient. When we neglected the exponential decline of Wnt3a concentration in the simulation, we lost the Wnt3a gradient ([Figure S5](#mmc1){ref-type="supplementary-material"}C), suggesting that the Wnt instability is also a critical factor that induces Wnt gradient inside the hydrogel dome. Although the cellular uptake was observed to be minimal, we found that there is subtle local gradient around the organoids within the formed gradient at 12 h in the control group ([Figure S6](#mmc1){ref-type="supplementary-material"}).

To verify the effect of Wnt3a gradient caused by the diffusion limitation and the Wnt instability on both proliferation and differentiation of organoids, we next examined how the enhanced Wnt3a supply can modulate the intra-heterogeneity of Wnt3a and improve the phenotype of organoids. To avoid the depletion of Wnt3a by the diffusion limitation and Wnt instability, we intentionally added Wnt3a every 3 h (Wnt~rep~), where the organoids in the Wnt~rep~ group grew significantly (p \< 0.0001) bigger ([Figure S7](#mmc1){ref-type="supplementary-material"}B) than the control ([Figure S7](#mmc1){ref-type="supplementary-material"}A; no replenishments) across the entire area of the dome. Both the core and edge organoids were \~7.9- and \~9.5-fold bigger, respectively, in each sector on day 6; nonetheless, the parabolic distribution pattern of the organoid size was similar to the control ([Figure 4](#fig4){ref-type="fig"}A). We also found that the "aged organoids" that contain shed out cells accumulated in the luminal domain of an organoid were much dominant in the conventional cultures, whereas the organoids in the Wnt~rep~ condition showed significantly (p \< 0.05) lower numbers of shed cells in the organoid lumen assessed by phase contrast microscopy, suggesting that the population of "dying cells" in individual organoids in the conventional culture is significantly higher than the organoids in the Wnt-replenished condition ([Figure 4](#fig4){ref-type="fig"}B).Figure 4Reduced Intra-heterogeneity of the Wnt Gradient Contributes to Enhancing the Organoid Growth and Epithelial Function of the Core Organoids(A) The size distribution pattern of the organoids cultured in the conventional (Control) or Wnt-replenished condition (Wnt~rep~) for 6 days. The cross-sectional area of 20 organoids along different lines crossing the center (position at 0 mm) of the Matrigel circle provided in [Figure S7](#mmc1){ref-type="supplementary-material"} was quantified using ImageJ. All the data points provided show statistical significance (p \< 0.05) except the point indicated by a gray arrow (N = 23).(B) The abundance of aged organoids at day 6 in cultures in the conventional (Control) or Wnt-replenished cultures (Wnt~rep~) quantified by the assessment of phase contrast image. N = 12.(C) A hierarchical heatmap profiling the expression of 59 genes related to physiological epithelial functions of the organoids cultured in either conventional (Control) or Wnt-replenished condition (Wnt~rep~) followed by the locational collection of the core versus edge (N = 3).(D) The volcano plots displaying the significantly (p \< 0.05) upregulated genes (colors coded with green and pink, whereas non-significant genes were colored with gray) when the organoids were cultured in the Wnt-replenished condition compared with the conventional cultures. Once cultured in each condition, organoids were collected from the core (top) and edge (bottom), respectively, and then used for the qPCR assessment.(E) The detailed expression profile of the genes identified in (D) with statistical significance (N = 3). The green and pink columns indicate the significantly upregulated genes in the core and edge organoids, respectively.(F) Visualization of MUC2 expressions in the organoids cultured in either conventional (Control) or Wnt-replenished condition (Wnt~rep~) for 3 days followed by the incubation with the differentiation medium for additional 3 days. Scale bar, 100 μm.(G) Quantification of the averaged MUC2 expression per organoids presented in "F" via image analysis (Control-core, N = 5, Control-edge, N = 11, Wnt~rep~-core, N = 5, Wnt~rep~-edge, N = 4).(H) Quantitative estimation of the total MUC2 expression of the organoids in a well, cultured in different conditions (Control versus Wnt~rep~) by multiplying the integrative MUC2 expression per organoid and the actual number or organoids in each region (core versus edge). The "Adjusted" MUC2 intensity was a theoretical estimation of the total MUC2 expression when the core organoids cultured in a conventional condition were assumed not undergoing the heterogeneous Wnt3a gradient inside the Matrigel dome. The numbers of organoids applied for the calculation, 75 (core) and 297 (edge) in both "Adjusted" and "Control"; 75 (core) and 220 (edge) in "Wnt~rep~." Three stitched images were used for quantification. Control, N = 7, Wnt~rep~, N = 5, Adjusted, N = 14. Data are represented as mean ± SEM. One-tailed and two-tailed unpaired t tests were performed in (A) and (B), respectively, and two-way and one-way ANOVA was performed in (G) and (H), respectively, to evaluate statistical significance of the differences. ∗p \< 0.05, ∗∗p \< 0.001.

Impact of Intra-heterogeneity on Epithelial Differentiation and Function {#sec2.4}
------------------------------------------------------------------------

Next, we investigated whether the spatiotemporal Wnt gradient followed by the structural heterogeneity of organoids in the Matrigel dome also perturbs the transcriptome profiles and eventually, alters the epithelial differentiation and function of organoids. After we cultured organoids in either Wnt-replenished or conventional culture conditions for 3 days once passaged, we switched to the differentiation medium in both experimental groups for additional 3 days to investigate how the intra-heterogeneity perturbs the gene expressions pertinent to the fundamental epithelial functions. First, we performed a qPCR analysis that covers 59 genes germane to the intestinal epithelial functions to assess the transcriptomic profile of intestinal organoid epithelium collected from core versus edge in each culture condition. The hierarchical heatmap revealed that the organoids grown in the Wnt~rep~ condition globally upregulated the gene expressions compared with the non-replenished control in both core and edge locations ([Figure 4](#fig4){ref-type="fig"}C). The volcano plots visualized the quantitative fold increase of the genes expressed in the organoids grown in the Wnt-replenished condition compared with the control, where 14 genes were significantly (p \< 0.05) upregulated in the core region, whereas only 2 genes were identified in the edge region ([Figure 4](#fig4){ref-type="fig"}D). We found that the core organoids conditioned in the Wnt-replenished medium showed higher expression of the genes associated with epithelial barrier function (*CDH1, VAV2, KLF4*, and *OCLN*), structural shape (*SNAI1* and *GSN*), and cell growth and differentiation (*ERBB2, SOX9, CALB2, GFM1, DLL4, NOTCH1, HNF1A*, and *EEF1B2*) ([Figures 4](#fig4){ref-type="fig"}D and 4E, "Core"). On the contrary, only two genes, *EPRS,* which encodes glutamyl-prolyl-tRNA synthetase protein, and *SHROOM3,* which regulates cell shape, were upregulated in the edge organoids ([Figures 4](#fig4){ref-type="fig"}D and 4E, "Edge"), suggesting that a minimal change in epithelial function is anticipated by the continuous and sufficient exposure to Wnt proteins.

We also confirmed the intra-heterogeneity at the protein level, where a representative goblet cell marker, mucin 2 (MUC2), that contributes to the mucus production was visualized on both the core and edge organoids pre-conditioned with the Wnt-replenished or control medium for 3 days followed by the differentiation medium for additional 3 days ([Figure 4](#fig4){ref-type="fig"}F). Immunofluorescence imaging revealed that the Wnt-replenished condition contributed to significantly enhance the averaged MUC2 expression per organoid in both the core and edge organoids (p \< 0.05) than the conventional culture protocol ([Figure 4](#fig4){ref-type="fig"}G). However, the Wnt-replenished condition did not show notable heterogeneity in MUC2 expression ([Figure 4](#fig4){ref-type="fig"}G). Based on the quantitative analysis of immunofluorescence images, we computed the total expression of MUC2 in a well by considering the total number of core and edge organoids ([Figure 4](#fig4){ref-type="fig"}H). We found that the total MUC2 expression in the control was significantly lower than that in both Wnt-replenished (\~73.0%, p \< 0.001) and "Adjusted" conditions (\~88.2%, p \< 0.05) that theoretically normalized the size of the core organoids to the ones in the edge (i.e., the uniform size distribution of organoids similar to the case of CRC organoids) ([Figure 4](#fig4){ref-type="fig"}H). This result strongly suggests that the expression of physiologically important MUC2 protein was decreased in the core organoids under the conventional culture condition, which considerably compromises the overall outcome and result interpretation. When the Wnt-replenished or control medium was kept for 6 days, the averaged MUC2 expression per organoid was higher in the control group, both in core and edge ([Figure S8](#mmc1){ref-type="supplementary-material"}).

In summary, we discovered that the diffusion limitation and Wnt instability play a pivotal role in creating the Wnt3a gradient in the Matrigel dome in conventional organoid culture. As a consequence, individual organoids in a dome undergo heterogeneous patterns in morphology, proliferation, differentiation, and gene expression, which may cause a compromised reproducibility or a false interpretation of the experimental results.

Discussion {#sec3}
==========

In this study, we examined how the spatiotemporal Wnt gradient stemmed from the Wnt instability and diffusion limitation within the hydrogel is generated in the conventional culture of intestinal organoids. We discovered that the concentration gradient of Wnt3a in a Matrigel dome results in the spatial intra-heterogeneity in both growth and epithelial function of organoids. Our study revealed that organoids embedded in the Matrigel core undergo a deficiency of Wnt signal compared with the edge; thereby the growth was significantly impaired. The computational simulation, as well as the immunofluorescence imaging targeting the canonical Wnt signaling pathway, confirmed that the pseudo-maintenance of the Wnt3a level in the culture medium could remarkably minimize the gradient of Wnt3a concentration, which in part reduced the heterogeneity of epithelial function.

Intestinal organoids are used in diverse research fields, including developmental biology, gastroenterology, pharmacology, toxicology, and tissue engineering ([@bib4]; [@bib13]; [@bib33]). Because organoids are derived from human donors, organoids can retain traits of a donor, including genetic variants associated with the disease pathology ([@bib9]). Thus, organoids can be useful to build a patient-specific model, enabling them to pursue the Precision Medicine approaches ([@bib32]). To accurately utilize the organoid culture technology, basic understandings of genotypic and phenotypic characteristics of organoids and similarity to the original donor are important. However, our finding suggests that the intra-heterogeneity in morphology, activity of Wnt signaling, proliferation, differentiation, and transcriptomes germane to the epithelial function of cultured organoids requires a careful interpretation of experimental results when organoid-based studies are performed.

Along the crypt-villus axis of the *in vivo* intestinal epithelium, there are morphogen gradients that regulate the proliferation and differentiation of intestinal epithelial cells. The Wnt signaling is the strongest in the basal crypt area and becomes weaker toward the villi. The strong Wnt signal in the crypt area, where intestinal stem cells are located, enables the stem cells to proliferate. Intestinal organoid culture is based on the intestinal stem cells, and the high morphogen pressure, emulating the *in vitro* stem cell niche, is necessary to maintain the culture. The ECM hydrogel structure in the organoid culture recapitulates the physical microenvironment of the *in vivo* mucosal and mesenchymal tissue structure. However, the macroscopic structure of the "dome-shaped" hydrogel does not necessarily intend to replicate the *in vivo* conditions.

In the human intestinal organoid culture, maintenance of stem cell stability and control of Wnt signaling are critical prerequisites for a long-term culture over multiple subcultures. In the conventional culture condition, the localized phosphorylated β-catenin signal was strong only on the cell-cell junction in the core organoids, whereas the signal was also dominant in the cytoplasm in the edge organoids, suggesting that the Wnt signaling in the edge organoids is more active than the core. The population of Ki67-positive cells was significantly higher in the edge organoids than those in the core, which shows a good agreement with the phosphorylated β-catenin profiles. Notably, using the same methods for passaging and culture, CRC organoids did not show this intra-heterogeneity in size difference, which can be explained by the hallmark of cancer, an abnormal proliferation ([@bib19]), and a constitutive "turn-on" of Wnt signaling followed by the overexpression of Ki67 ([@bib27]; [@bib30]). This observation was also concordant with the previous finding that CRC organoids do not necessarily require exogenous Wnt for growth ([@bib41]), and that CRC cells acquire the ability to produce Wnt molecules ([@bib50]).

We hypothesized that the concentration gradient of morphogens, here Wnt3a, inside the Matrigel dome might lead to the structural and morphological heterogeneity of organoids as a function of position in the dome. We further developed our hypothesis into three possible situations: (1) the concentration gradient of Wnt3a may be solely dependent on the diffusion of exogenous morphogens; (2) the diffused Wnt3a may be taken by the organoid cells predominantly at the edge, and less amount of Wnt3a is diffused into the core, creating a gradient; and (3) the Wnt3a may be consistently unstable under the given culture condition as a function of time. To examine the contribution of each factor in creating the spatiotemporal Wnt gradient, Wnt3a concentration was measured over time and visualized by the computer simulation. Through the simulation study by excluding the contribution of each factor at a time, we found that the instability of Wnt3a was dominant, and the physical diffusion limitation of Wnt3a in Matrigel significantly orchestrated the concentration gradient. However, the effects of cellular uptake of Wnt3a were minimal, presumably because the ECM scaffolds surrounding the organoids hinder the approach and uptake of the Wnt3a molecule to the organoids. It is noted that the pseudo-constant maintenance of the Wnt3a level by replenishing the high-Wnt medium significantly minimized the concentration gradient inside the Matrigel dome. However, as the hydrophobic nature of the Wnt molecules induces the Wnt instability ([@bib48]), there may be an innate limitation to avoid this unstable Wnt activity in the culture medium unless a Wnt stabilizer is applied.

The nutrient availability can be a factor that may alter the size heterogeneity of organoids in the dome-shaped hydrogel. It is noted that the chemicals, growth factors, and morphogens included in the complete medium may undergo similar diffusion limitations in the Matrigel. Thus, we do not necessarily exclude the possible effect of the nutrient gradient inside the Matrigel dome on the size heterogeneity of organoids. However, Wnt3a is not only one of the most essential morphogens in the organoid culture but also shows the inherent instability with a strong agreement with previous studies ([@bib31]; [@bib48]). However, there has been no critical instability issue of nutrient components, particularly glucose and amino acids in the basal medium (i.e., Advanced DMEM/F12), used in organoid cultures. Thus, it is necessary and sufficient to specifically focus on the effect of Wnt3a gradient in the current study. In addition, the weight of the Matrigel above the core organoid may not be a factor that compromises the organoid growth. First, the 3D hydrogel scaffold is the structure of numerous fibers, where liquid (here, culture medium) fills the space in the scaffolds. This network structure is not a continuous material such as liquid or solid that affects the continual mass pressure onto the organoids that are growing at each position ([@bib2]; [@bib16]). Furthermore, if the weight of hydrogel was a factor that affects the growth, the shape of organoids might have been flattened as a doughnut in the dome center. However, this flattened organoid morphology has neither been reported in any organoid-based studies nor observed in any line of intestinal organoids that we routinely grow in the laboratory. Thus, we excluded the possibility that weight of hydrogel in the current setup may hamper the organoid growth.

In the computer simulation, we provided the adjusted magnitude of color scales in each time point to accurately demonstrate the spatial Wnt3a gradient in our computational simulation setups that emulate the Wnt3a gradient generated in the conventional culture setup. The Wnt3a concentration dramatically decreases within the defined time frame, and the unified color scales used at 0 h will not accurately visualize the Wnt3a gradient at the time point that we want to specifically compare between the control and Wnt-replenished groups.

We found that multiple genes related to the epithelial physiology were significantly upregulated in the Wnt-replenished condition than the control. Especially, the upregulated genes with statistical significance in the core organoids were related to epithelial barrier function, structural change, cell growth, and differentiation, indicating that the necessary epithelial physiological functions might be compromised in the core organoids cultured under the conventional culture condition. For instance, maintaining the epithelial barrier function is a prerequisite for the homeostasis in the gut, thus the barrier dysfunction may cause the elevated chance of gut inflammation under complex luminal and vascular stimulations ([@bib43]). The upregulated genes that we identified from the Wnt-replenished condition in the core hydrogel dome perform critical epithelial functions such as encoding the adherens junctional protein E-cadherin (*CDH1*) ([@bib15]) and occludin junctional protein (*OCLN*) ([@bib14]), controlling the barrier integrity in colonocytes (*VAV2*) ([@bib38]), and managing the barrier function (*KLF4*) ([@bib7]), where all contribute to keeping an intact intestinal barrier. The genes related to the regulation of structural modulation are also found to be substantially upregulated in the Wnt-sufficient condition in the core dome including a transcription factor inducing epithelial-mesenchyme transition (EMT) (*SNAI1*) ([@bib36]) and a key regulator of actin filament assembly and disassembly (*GSN*) ([@bib47]). Also, the genes that are pertinent to cell growth and differentiation also showed significantly increased expression in the core dome under the high-Wnt microenvironment. For instance, we identified the genes encoding a member of EGF receptors (*ERBB2*) ([@bib39]), regulating EMT and stem cells (*SOX9*) ([@bib22]), controlling the calcium-binding function (*CALB2*) ([@bib3]), managing mitochondrial translation elongation factor G1 (*GFM1*) ([@bib18]), encoding Notch ligands (*DLL4*) associated with the development and proliferation (*NOTCH1*) ([@bib44]), orchestrating the growth of intestinal epithelium and lineage differentiation (*HNF1A*) ([@bib6]), and encoding translational elongation factor (*EEF1B2*) ([@bib37]). Two overexpressed genes that were identified in the edge organoids under the Wnt-replenished condition are associated with the regulation of proliferation (*EPRS*) ([@bib24]) and the morphological development (*SHROOM3*) ([@bib17]), supporting the phenotypic feature of the overgrowth of the edge organoids. As stated, this spatiotemporal gradient and instability of Wnt3a induced heterogeneous expression of MUC2 protein as a function of location. We found that the total MUC2 expression in a well was higher in the Wnt-replenished as well as in the "Adjusted" condition than the control, suggesting that the overall epithelial differentiation and major physiological function can be considerably compromised in the conventional cultures. This finding strongly supports that the hypothesis we raised is a critical factor in altering the overall cellular functions, not only in our study but also possibly in other conventional organoid cultures.

The pseudo-constant maintenance of the Wnt3a concentration in the culture medium substantially improved the Wnt instability problem in the conventional organoid medium because the level of Wnt3a in the culture medium was controlled higher than 200 ng/mL across the culture period. In addition, the high level of Wnt3a in the culture medium also provided the rapid diffusion of Wnt3a into the Matrigel core compared with the control, suggesting that both Wnt instability and diffusion limitation were mitigated under the repeated replenishment of Wnt3a. Alternatively, a Wnt stabilizer ([@bib31]; [@bib48]) that improves the Wnt instability may be considered to maintain the level of Wnt3a in the medium over cultures. Also, reduction of the diffusion limitation by decreasing the diffusion path (e.g., creating a smaller hydrogel dome) and enhancement of the diffusion coefficient of Wnt3a through the hydrogel (e.g., testing different hydrogels or reduced Matrigel concentration) may be compelling approaches to surmount the conventional culture challenges. Indeed, there has been a report that suggests making multiple Matrigel drops ([@bib45]), where our study explains why this approach is important. A microphysiological system may be also contemplated to maintain the steady-state Wnt concentration to the organoids introduced in the microdevice, which may, in part, resolve the diffusion limitation issue ([@bib21]; [@bib26]).

In conclusion, we found that Wnt3a instability and diffusion limitation in Matrigel can cause a spatiotemporal gradient of Wnt3a in a Matrigel dome where organoids are embedded in. By a careful examination of the effects of the spatiotemporal Wnt3a gradient, we discovered that intra-heterogeneity in growth and differentiation is made, which can considerably prevent accurate interpretations of a study result. This finding is significant upon a burgeoning interest of the use of organoids that has disseminated its utility to the basic science, disease modeling, tissue engineering, patient-specific validation of new drug candidates, comparative medicine using the "*in vitro* cohort" by matching to the patient cohort, evaluation of demographic effect on disease development, and Precision Medicine. We envision that our finding is potentially implementable to the cultures with other types of organoids derived from different organs, where the culture condition and data interpretation should be carefully analyzed by minimizing the unnecessary heterogeneity in each experiment.

Limitations of the Study {#sec3.1}
------------------------

We only tested colonic organoids derived from either normal donors or a patient with CRC in this study. Thus, experimental results may be different when the type of organoids derived from various organs varies with divergent culture conditions. Also, the observed heterogeneity in organoid cultures may vary depending on the used hydrogel scaffold that has different physicochemical properties. The concentration gradient of Wnt3a inside a Matrigel dome was estimated by computational simulation, which may show variations from the actual local concentration of Wnt3a.
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